Abstract. In the frame of the European Metrology Research Programme (EMRP)-funded joint research project "Implementing the new kelvin" one work package is devoted to the assessment of two different methods of dissemination of the thermodynamic temperature. These two methods are the dissemination via high temperature fixed points (HTFP) with assigned thermodynamic temperatures and the dissemination by radiometers or radiation thermometers calibrated in terms of thermodynamic temperature. To achieve a thorough assessment of these two distinct dissemination methods two dissemination exercises were organised in the form of comparisons. In one case the circulating artefacts were off-the-shelf high-temperature fixed point cells with transition temperatures ranging from 1324 °C to 2474 °C, in the other case absolutely calibrated pyrometers and filter radiometers were compared in the temperature range 1000 °C to 2500 °C. This work showed that both schemes were achievable with competing advantages and drawbacks and would most probably help disseminating thermodynamic temperature in the future at the level of 1 K to 2 K uncertainty over the whole temperature range.
Introduction
The new definition of the kelvin is likely to be linked to a fundamental constant, the Boltzmann constant, in the very near future as will be the ampere, the kilogramme and the mole [1, 2] . The new definition of the kelvin will certainly allow direct thermodynamic temperature measurement and dissemination over the whole temperature range.
Therefore, a practical realisation of the unit will need to evolve to formally include thermodynamic temperature dissemination especially in the highest range of the temperature scale: namely above the copper point (1357.77 K).
A joint research project (JRP), "Implementing the new kelvin, InK", funded by the European Metrology Research Programme (EMRP) was launched in September 2012 [3] to prepare the implementation of the new definition of the kelvin with two main assigned objectives in the high temperature range: assigning thermodynamic temperatures to a set of selected high- This paper will focus on the content of the work package devoted to the realisation and the dissemination of thermodynamic temperatures above 1000 °C. It describes the activities performed to achieve an assessment of the possibilities of dissemination using either high-temperature fixed points or radiometers/pyrometers.
"Implementing the new kelvin" JRP project
The InK project [3, 4] contains four technical work packages with the following objectives/work packages, including activities already planned in a concerted international research project [5] :
• WP1: assign thermodynamic temperatures to a selected batch of high-temperature fixed points, • WP2: assess and compare two dissemination routes for thermodynamic temperature at high temperatures, • WP3: determine ultra-low uncertainty values for T -T 90 in the low temperature range, • WP4: improve primary thermometry at low temperatures below 1 K.
The expected outputs of this project will certainly be of importance to the international temperature community, especially as many national metrology institutes outside Europe are contributing actively to the project.
One of the main outputs will be bringing the findings of the project to be taken into account in the Mise-enPratique of the kelvin (MeP-K) [6] .
In the high temperature range [7] , the objective of the Mise-en-Pratique of the new definition of the kelvin, currently under preparation, is to define and explain the different ways of realising the unit and disseminating it. It will most likely include three possibilities:
-according to the international temperature scale of 1990 (ITS-90), which is the present situation, -thermodynamic temperature through hightemperature fixed points (HTFPs) of assigned temperatures (relative absolute radiation thermometry), -direct thermodynamic temperature.
To check whether it is more efficient to realise and disseminate thermodynamic temperature by a sourcebased or a detector-based scheme, a cooperative research work was included in the JRP InK in the second work package devoted to the dissemination of high temperatures between 1000 °C and 2500 °C. Two different practical thermodynamic temperature dissemination schemes for temperatures higher than 1000 °C were evaluated in this work package. Both schemes have been proposed in the Mise-en-Pratique of the kelvin: either by absolute primary thermometry, directly traceable to the electrical-substitution cryogenic radiometer, or via HTFPs of known temperatures using therefore a relative primary method.
Dissemination using HTFPs
Realisation and dissemination of thermodynamic temperatures using HTFPs is the subject of the first task of this workpackage. This work is performed with ITS-90 temperatures assigned to the HTFPs because definitive thermodynamic temperatures will only be available at the end of the project. This task will however help assessing the methods required for dissemination when thermodynamic temperatures become available for the HTFPs.
To achieve this dissemination exercise, NPL and LNECnam supplied two sets of HTFP cells at the Co-C, Pt-C, Ru-C and Re-C high-temperature fixed points. The cells were either off-the-shelf, used cells or have been constructed for this particular project.
Before the start of the circulation of the cells, the circulating batch was compared to the reference batch. This initial comparison was intended to make a link between the cells and to be able to replace a cell in case of breakage without completely losing information between the cells. This initial comparison was performed by LNE-Cnam. 
Re-C 4RE2 4RE1 Table 1 summarises the cells used in the circulating lot and in the reference lot. Two cells broke during this dissemination trial showing that the early designs of cells is not suitable (the case of Pt-C cell from NPL based on the C/C sheet design) and that the Co-C point is a difficult point for which robustness remains an issue even with the hybrid design (consisting of C/C sheets and a graphite sleeve).
New cells were constructed by LNE-Cnam and compared to the reference batch of cells before being put back to circulation.
A comparison was performed at the end of the dissemination trial and allowed the determination of the drift of the cells. Table 2 summarises the level of this drift for each of the cells. Of course, the two broken cells could not be assessed for drift. The drift can in all cases be considered as negligible in comparison with the uncertainties of temperature determination. Earlier studies have already shown that the stability of HTFPs on the long term is ensured in case of the hybrid cell design [8, 9] and this study shows clearly that, past the robustness issues with early designs, HTFP cells can be considered as reliable and efficient artefacts for comparisons. Each participant to this task (CEM, PTB, NPL, UME, LNE-Cnam) reported the assigned ITS-90 temperature of the melting transition realised with the circulating HTFP cells in their facilities.
The uncertainties reported by the participants were mainly related to the ITS-90 scale and to the repeatability of the realisation of the melt.
The main sources of discrepancy of the results, besides the scale realisation, are likely to be related to the socalled furnace effect which would result in differences in the melting temperatures, as determined at the point of inflection of the melting plateau, with changing furnace conditions. This effect, due to the temperature distribution as well as to the thermal inertia of the furnace, is still under study at the international level and is likely to represent the major source of uncertainty in the use of HTFPs. Early studies have shown that it can induce uncertainties at the level of 0.1 K at the Re-C point [10] .
At this stage, the uncertainties and temperature differences between the participating NMIs are in preparation and the results will be published elsewhere [11] .
Dissemination using absolutely calibrated filter radiometers or pyrometers
The second dissemination scheme is performed using radiation thermometers, calibrated in terms of thermodynamic temperature, using different methods at different NMIs.
Different methods were applied by the participants (PTB, CEM, MIKES and LNE-Cnam) to calibrate a transportable radiation thermometer or a filter radiometer.
PTB has calibrated an LP3 pyrometer in terms of thermodynamic temperature by comparison to a filter radiometer through a large area high-temperature blackbody. This method is well established but it requires good temperature uniformity across the furnace opening to achieve a low uncertainty.
MIKES has used a filter radiometer (FR800) which consists of a single Si photodiode, an interference filter with nominal central wavelength of 800 nm, and a 4-mm precision aperture. The relative and absolute responsivity of the diode and filter were measured with a reference spectrometer of Aalto University [12] , by comparing the output of the detector with a trap detector traceable to the cryogenic radiometer of SP, Sweden. This filter radiometer has shown a large drift between the calibrations performed before and after the comparison which resulted in large uncertainties at the level of 0.4 %.
CEM has calibrated an LP4 radiation thermometer using their HTFP cells of Cu, Co-C, Pt-C and Re-C as references for thermodynamic temperatures. The thermodynamic temperatures assigned to these HTFPs were the ones assigned to these HTFPs in the first work package of the InK project [13] . A Sakuma-Hattori fit was determined to derive the relation between the photocurrent delivered by the radiation thermometer and the thermodynamic temperature over the whole range (1000 °C to 2500 °C). LNE-Cnam applied a similar scheme as CEM except that the HTFP cells used were directly measured in terms of thermodynamic temperature using the LNE-Cnam method put in application in the WP1 of InK. The cells used for the calibration of LNE-Cnam LP3 radiation thermometer had the local assigned thermodynamic temperatures as given in table 3. A Sakuma-Hattori fit was determined using these four temperatures to have a relation between photocurrent and thermodynamic temperature. Table 4 summarises the instruments which participated to this dissemination trial. The four instruments were gathered at PTB and put, alternatively, in front of a highemissivity high-temperature furnace, the VNIIOFI-made HTBB 3200PG. The furnace temperatures were varied in steps of 200 °C between 1000 °C and 2500 °C.
At this stage, the uncertainties and temperature differences between the participating instruments are under study and the results will be published elsewhere [11] . 
Preliminary results and discussion
The first findings of this study have shown that both schemes can be applied successfully, regardless to the achieved uncertainties.
HTFP cells have been circulated among five partners over a period of more than one year and have shown that they can be considered as suitable means to probe and compare the capabilities between different realisations of the scale or of thermodynamic temperatures as the WP1 of InK has already proved [13] .
Using the HTFP dissemination scheme will however require the thorough assessment of the uncertainties in the realisation of the HTFPs in high-temperature furnaces. It is already admitted that different furnace inertia can result in quite large differences in melting temperatures determined at the point of inflection of the melting plateau. Moreover, the positioning of the cells in a furnace should take into account the temperature distribution. It is most likely that the highest melting temperatures would be obtained in the position corresponding to the smallest temperature gradients along the cells as reported in [10] .
An additional source of uncertainty will originate from the determination of the Sakuma-Hattori fit coefficients when a radiation thermometer is calibrated in thermodynamic temperature using these dissemination artefacts. This kind of fit should be restricted to narrowband radiation thermometers (10-20 nm maximum) to ensure small residuals of the fit.
Concerning the dissemination with absolutely calibrated radiation thermometers and filter radiometers, it should be noticed that the stability of the instruments was considered as satisfactory (i.e. less than about 0.5 K), except for the filter radiometer of MIKES which has shown temperature equivalent drifts of 0.4 K to 1.8 K over the range 1000 °C -2500 °C. The stability and fragility of the instruments is probably the main drawback of this method. The method requires also a uniform and high-emissivity furnace for the transfer to a
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radiation thermometer in case of use of a filter radiometer.
To summarise, the advantage of the HTFP dissemination scheme is the stability of the HTFPs which are thought to be much more achievable than the stability of radiation thermometers or filter radiometers. On the other hand, using radiation thermometers or filter radiometers as thermodynamic temperature dissemination means does not require high-temperature fixed points and specially adapted furnaces, which could be an advantage for some NMIs.
Conclusion
Two dissemination exercises were run in the frame of a European joint research project with high-temperature fixed points and, for the first time, absolutely-calibrated radiation thermometers and a filter radiometer.
These two trials have allowed the consortium to identify the main difficulties and the largest sources of uncertainty. The overall objective of assessing the possibilities offered by each of these dissemination schemes has been reached.
While the realisation and dissemination of thermodynamic temperatures based on HTFPs will need to account for the effects of the thermal conditions of implementation of the HTFP cells in different kinds of high-temperature furnaces, dissemination using radiation thermometers can be affected by the lack of stability of travelling radiation thermometers.
The final results of this study are still under consideration and should be agreed and published in the very near future. We can already state that thermodynamic temperatures at the highest temperatures can be disseminated with acceptable uncertainties of a few kelvins in both cases.
